Three-dimensional finite element analysis was used to simulate progressive failure of a plain weave composite subjected to in-plane extension.
Introduction
Textile composites consist of interlaced tows (fiber bundles) which are then impregnated with a matrix material and cured. Figure 1 illustrates the architecture for a plain weave composite. The interlacing of the tows offers the potential for increased through-thickness strength.
There is also the potential for reduced fabrication costs, since fairly complicated shapes can be formed using textile machinery.
One disadvantage of textiles is the difficulty in predicting their performance.
The complex geometry makes detailed stress analysis quite challenging. 
Configurations
The fiber bundles or tows in the models were generated by translating a lenticular crosssection along a sinusoidal path. The waviness ratio is defined to be the ratio of the woven mat thickness to the wavelength. The weave consists of warp and fill tows oriented perpendicular to each other. In general, the warp and fill tows could be different in terms of material and shape. In this study they were assumed to be identical.
More details about the mesh geometry can be found in Reference 9. The following subsections describe the finite element meshes, the boundary conditions, and the material properties.
Finite Element Meshes
Symmetry in the material and loading was exploited so that only 1/32 of a unit cell had to be modeled. A wide range of mesh refinements were used, as shown in Figure 2 . The crude mesh had only 4 elements and 42 nodes. The most refined mesh had 192 elements and 1049 nodes. The elements were 20-node hexahedral elements.
Since only 1/32 of the unit cell was modeled, these refinements correspond to full cell models with 128 to 6144 elements.
Boundary Conditions
The periodic boundary conditions for a complete unit cell are quite simple. The appropriate boundary conditions for a 1/32 unit cell are a bit more complicated. Derivation of the periodic boundary conditions is somewhat tedious, so details will not be given here. Details can be found in Reference 9. The periodic conditions are listed below. Figure 2 shows the coordinate system assumed.
The load was controlled by specifying the magnitude of Uo. This corresponds to uniaxial loading in the warp tow direction.
Material Properties
The unit cell contains two "types" of materials:
the tows and the matrix pockets. Relative to the material coordinate system, the properties of the tows are invariant (before damage occurs). Of course, the properties of the tows are needed in the global coordinate system. Fourth order tensor transformation formulas were used to perform the required calculations. The rotation angles to be used in these formulas were specified at each quadrature point by using interpolation. This procedure was shown in References 8 and 9 to be preferable to using a single angle for the entire element. Except where indicated otherwise, the results will be presented for a waviness ratio of 1/3 and for the material degradation strategy in Reference 11, ( the "Blackketter method" ). Figure 3 shows the effect of quadrature order on the stress-strain curve. The peak stress obtained using 8 quadrature points (2x2x2) is 4 percent higher than that obtained using 64 points.
The peak stresses obtained using 27 and 64 quadrature points differ by 1 percent. Damage initiation is predicted 3 percent earlier when 64 points are used. After the large stiffness loss which occurs at about 0.3 percent strain, there is even larger differences in the predictions. In Reference 12, non-selective discount was used for the same configuration. The difference in the peak stress obtained using 8 and 64 point quadratures was 10 percent. Hence, the sensitivity of the predictions to quadrature depends on the degradation model. The sensitivity to quadrature order is not suprising.
For example, when more quadrature points are used, the more extensive sampling is more likely to find the extremes in the stress field. One might expect a refined mesh to exhibit less sensitivity to quadrature order than a coarse mesh. For the meshes considered in this study, this was the case. Also, when failure occurs within an element, and the constitutive matrix is modified, the element becomes inhomogeneous. The numerical integration effectively fits a polynomial function to the variation of the material properties. Since the material properties are very different in the failed and unfailed parts of the element, it is difficult to obtain a good fit. In fact, there is a concern as to whether the assumed quadratic displacement functions for a 20-node element are sufficient to obtain a reasonable approximation regardless of the integration order. Figure 4 shows the effect of mesh refinement on the predicted stress-strain curve for the two waviness ratios. The 4 element model predicts the correct trends, but is quite inaccurate. The error in the peak stress is much worse for larger waviness ratio. The peak stress and corresponding strain for a coarse mesh is larger than for a refined mesh, but the peak stress and corresponding strain for a moderately refined mesh are not necessarily bound by the extreme cases of mesh refinement. (see Figure 4b) The peak stress and the corresponding strain, decrease with increased waviness.
The ratio of the initial damage stress to the peak stress and the corresponding ratio of strains increase with decrease in waviness ratio. That is, not only is the strength reduced by the waviness, but there is also earlier damage initiation relative to the peak stress. Figure 5 shows damage volume versus the nominal strain for the warp and fill tows for four mesh refinements. Damage volume for the resin is not shown since there is almost no damage. The curves are quite close for the 108 and 192 element meshes, which suggests that the curves might be close to convergence.
As the mesh is refined, the increments in damage volume become smaller, but more numerous. The damage volume at the peak stress decreases with mesh refinement for both the warp and fill tows. This is not surprising since the corresponding stress is also smaller. After the peak stress is reached, there is a large increase in damage volume without an increase in strain (of course, the stress drops). The damage volume after this sudden increase is sensitive to mesh refinement for the warp tow but insensitive to mesh refinement for the fill tow.
The curve for the 192 element mesh in Figure 5a has points labeled A and B. From A to B the damage initiation and growth was dominated by the inter-tow normal stress c33. The sudden increase in damage at point B was due to the stress component o13 ( the x 1 direction is parallel to the fibers),
The damage volumes just after the peak stress is reached is as follows This initial failure appears to be an inter-tow failure resembling delamination in laminated composites. The collapse is characterized by o 13 failure in the warp tows. For the 1/6 waviness ratio, the collapse is due to a significant failure of the warp tow due to O13 and cracking of the fill tow due to 022. Figure 8 shows the stress-strain curves obtained using the three degradation models described earlier: non-selective, selective RC, and the Blackketter method. The non-selective method predicts 22% lower peak stress than the Blackketter method. Selective reduction of rows and columns in the constitutive matrix results in a much larger residual stiffness after the peak stress than the other two methods.
Selective reduction of rows and columns in the constitutive matrix also does not result in a large sudden drop in the stress after the peak stress is reached.
Concomitantly, for the selective RC method there is also no sudden increase in the damage volume after the peak stress is reached. (This is not shown on the plot.) It should be noted that if variability in the strength of the constituents from one unit cell to another was included, there would also be less severe jogs in the stress-strain curve.
Concluding Remarks
Simulation of progressive failure in a plain weave composite is extremely complex. '-_,
Consequently
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